Replantation is a prime indication for distal digital amputation, as it helps restore hand aesthetics and functions; however, venous anastomosis is often not feasible. Previous studies used systemic anticoagulation in distal digital artery only anastomosis replantation surgery to improve replantation success rate, however, which yielded limited level of clinical evidence. This study aimed to compare controlled continuous heparinization (CCH) and intermittent bolus heparinization (IBH) for surgical outcome and clinical variables after single distal digital artery only anastomosis replantation surgery.
Introduction
Workplace regulations and safety training programs to prevent accidents have decreased the incidences of nonfatal workplace amputations. [1] Accidental fingertip injuries and amputations, however, still occur in daily life. About 1% of all trauma patients in the United States undergo amputation, and 70% of those traumatic amputation patients have a finger amputated. [2] Most digital amputation patients experience mental stress upon seeing their amputated fingers and are concerned about possible disability and disfigurement to their hands. Because cosmetic appearance appears to play as great a role as recovery of physical function in the psychological sequelae of the amputation, [3] digital amputation patients with cosmetic disfigurement are prone to experience post-traumatic stress disorder. [4] Therefore, successful replantation of the amputated finger is important not only to restore function for the patient but also to remedy the patient's mental trauma.
When clinically feasible, finger replantation surgery-especially in distal amputation-is the treatment of choice after digital amputation, because successful replantation helps restore the aesthetics of the patient's hand as well as its previous functions.
[ [5] [6] [7] [8] If replantation surgery fails, however, the lost body part cannot be reconstructed aesthetically and functionally, leaving the patient's hand disfigured. Since the first successful digital replantation in 1968, numerous studies have shown that amputation distal to the flexor digitorum superficialis insertion is an excellent indication for replantation surgery because restoration of hand functions and aesthetics is expected after successful replantation. [8] [9] [10] For the distal replanted part, survival of the digital length is more important than distal interphalangeal (DIP) joint motor function, as DIP motion only partially accounts for overall hand function. [11] Therefore, increasing the survival rate of the replanted part is the most important aspect of the distal digital replantation surgery.
The survival of the distal finger replantation depends on the arterial anastomosis and can be improved with a venous anastomosis. [7] However, in fingertip amputation distal to the DIP joint, venous anastomosis may not feasible; the damage may be too severe, or the surgeon may lack experience in microsurgical techniques required to repair crushed fine digital veins. In such cases, the surgeon has no choice but to replant the finger without venous anastomosis. This so-called artery-only replantation requires pharmacologic agents to maintain blood flow through the crushed digit to the outflow at the fingertip until venous outflow is reestablished naturally. Maintaining this blood flow is as vital to successful replantation as performing fine microsurgical anastomosis of the vascular pedicle.
There have been many debates about these pharmacologic agents and their protocols for maintaining blood flow into the replanted part. Among these agents, heparin has a long application history not only in the field of microsurgery but also in vascular accidents such as myocardial infarction. Previous research has shown that heparinization after microvascular anastomosis in replantation surgery is usually performed via intermittent bolus intravenous injection. [6, 8, 12] However, because heparin shows variable pharmacokinetics among patients, its administration method and the monitoring of its bioavailability are important to maintain blood flow into the replanted part via systemic heparinization. [13] To date, however, supporting clinical data for monitored continuous heparinization after artery-only anastomosis finger replantation surgery is lacking. Continuous heparin infusion with monitoring of its bioavailability after Zone I and II fingertip artery-only replantation may improve the replantation success rate by preventing clotting-induced venous congestion common in artery-only anastomosis finger replantation surgery.
This study compares the surgical outcomes and clinical variables of controlled continuous heparinization (CCH) and intermittent bolus heparinization (IBH) following Zone I and II artery-only anastomosis finger replantation surgery.
Methods
This study was conducted under the approval of the institutional review board of Uijeongbu St. Mary's Hospital (UC13RISI0126). From December 2003 to October 2011, a single-institution, retrospective cohort study was performed. In this study, we used Tamai's classification, which divides the distal digital amputation into Zone I (fingertip to the base of the nail) and Zone II (base of the nail to the DIP joint). [14] The study included patients who underwent single artery-only anastomosis for replantation of Zone I and II single digit amputation and who showed continuous exsanguinations of blood at the replanted fingertip immediately following surgery. The study excluded patients who had concomitant injuries to other areas of the hand or body, patients with degloving injuries, and patients who received venorrhaphy or revisional operations more than 24 hours postoperatively. To take into consideration the learning curve of the operator, each surgeon's first 5 cases were also excluded ( Table 1) .
The surgery was performed under general anesthesia. The amputated finger and stump were thoroughly irrigated with saline. Bone and soft tissue debris were trimmed if necessary, and then the amputated finger was fixated with Kirshner wire. In Zone II replantation, flexor and extensor tenorrhaphy was also performed using Prolene 3-0 sutures when returning of joint function could be expected postoperatively. The proximal arterial stump can be found by careful dissection of the blood pumping point. The amputated digit's arterial stump is normally located opposite the site of the proximal arterial stump. If the opposite arterial stump could not be found, arteriovenous anastomosis was performed. Neurorrhaphy was not performed routinely, because it can pull or compress the anastomosis site, and distal neurotization can be established as a nerve is transected at the distal part of the finger. [15, 16] Next, the skin was closed with loose nylon sutures or an onlay split-thickness skin graft. Because we do not perform venous anastomosis, we made a fish-mouth incision at the fingertip for continuous blood exsanguination, thereby controlling the venous congestion until the fingertip circulation was re-established. When the amputated digit was replanted successfully, we could observe continuous bleeding from the fish-mouth incision (Fig. 1) . To maintain exsanguination Table 1 Inclusion and exclusion criteria of the study. (34 patients) . The IBH protocol consisted of 300 mg of aspirin per oral dose, intravenous dripping of prostaglandin E1 (Alprostadil, 10 mg), and intermittent intravenous bolus heparin injection (12,500 U of heparin mixed in 40 cc of normal saline) per day. Depending on the amount or flow of bleeding at the fish-mouth incision, intravenous bolus heparin was administered once or twice a day. For the CCH protocol, we adopted continuous intravenous heparinization using an injection pump instead of intermittent bolus heparin injections, and we monitored activated partial thromboplastin time (aPTT) every 8 hours to maintain the target aPTT level (51-70 seconds) while decreasing the aspirin dose to 100 mg per day. Prostaglandin E1 was used as in IBH (intravenous dripping, Alprostadil, 10 mg). After injecting a loading dose of 12,500 U of heparin mixed in 100 mL of normal saline, a heparin solution (12,500 U of heparin mixed in 500 mL of 5% dextrose) was infused continuously at a rate of 20 mL per hour. The infusion rate was regularly adjusted according to the aPTT level every 8 hours. To complete heparinization, the dosage was tapered for 2 days in a stepwise manner. We used our heparin dose adjustment protocol as summarized in Table 2 . In both groups, in cases of excess venous congestion showing purplish discoloration of the replanted fingertip, a medical leech was applied to decompress urgent venous congestion.
We defined "success" as a case that showed bleeding, had a viable replanted digit at the time of discharge, and did not undergo any secondary operations such as stump revision during the follow-up period. "Failure" was defined as a case in which the replanted digit showed shrinkage, necrosis, no bleeding on pinprick, or bluish-to-dark discoloration at the time of discharge.
To verify the factors affecting the success rate of the heparin protocol, patient factors, clinical factors, and operative factors were extracted from the medical records. Patient factors included demographic variables (sex, age), tobacco use, alcoholic consumption, comorbidities, and hypertension history. Clinical factors were length of hospital stay, transfusion, significant decrease in hemoglobin level (more than 15% decrease from the preoperative level), and medical leech use. Operative factors consisted of operative method (arterio-arterial anastomosis versus arteriovenous anastomosis), surgeon, and surgeon's condition variables (operation month and operation start time). Major bleeding complications during the hospital stay, such as intracranial or internal organ hemorrhage, and significant Figure 1 . Fifty-one year old male patient with amputated right middle fingertip by an ornament tacking machine (top left); after artery-only anastomosis replantation surgery with systemic heparinization (top right)--note the fresh blood exsanguinating from the fingertip fish-mouth incision (arrow, top right); 4 months postoperative view, wherein the replanted fingertip has regained its original shape and function (7 mm of 2-point discrimination, bottom left); more growth of the fingernail is expected (bottom right). Table 2 Heparin dose adjustment protocol in continuous controlled heparinization.
aPTT
Change rate of infusion
Starting dose of 12,500 U as IV bolus, followed by 12,000 U per 24 hour as a continuous infusion (25 U/mL). aPTT measurement was performed every 8 hr after the initial bolus infusion.
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Statistical analysis
To decrease selection bias in our comparison of the success rate of the nonrandomized heparinization protocol group, we adopted inverse probability of treatment weights (IPTW) propensity score methods. Categorical and continuous variables were reported as frequencies (%) and means ± standard deviations, respectively. Univariable logistic regression was explained by odds ratio for each variable using IPTW propensity score methods. The final model was determined by creating a multivariable logistic regression model, which included all potent univariate variables (P < 0.10). All tests were 2-sided, with a significance level of 0.05. Analyses were performed using SAS 9.3 (SAS Institute Inc., Cary, NC).
Results
The patients' baseline characteristics grouped by heparinization protocol are presented in Table 3 . Out of 324 patients who underwent digital replantation surgery, 61 patients-49 males and 12 females-were included in this study. The mean age was 39.2 years. There were no significant differences in patient factor variables between the 2 groups. In clinical factors, the transfusion rate was higher in the CCH group than the IBH group (P = 0.032), although there was no significant difference between the 2 groups in significant decrease in hemoglobin level. No differences in length of hospital stay or use of medical leeches were observed between the 2 groups. Five surgeons conducted replantation surgery during the study period. Operation month and operation start time, which accounted for the surgeon's condition, showed no statistically significant differences. The ratio between arterio-arterial versus arteriovenous anastomosis also showed no differences between the groups. No major bleeding complications were reported in either group. No significant decrease in patients' platelet levels was observed in either group.
The replantation success rate was 91.17% in the CCH group and 59.25% in the IBH group. The replantation success rate, as analyzed by univariate logistic regression analysis and the IPTW propensity score method, is presented in Table 4 . Among the variables, continuous heparinization showed a statistically significant contribution to replantation success. Multivariable logistic regression analysis with potent univariate variables (P < 0.10) also showed that continuous heparinization is a statistically significant variable contributing to the replantation success rate (P = 0.004, area under the curve = 0.8359).
Discussion
Venous anastomosis is known to improve the success rate of distal digital replantation surgery. [7, 17, 18] However, 68% of distal digital amputation cases include concomitant crushing injuries at the stump and to the amputated digit. [7] Distal digital replantation surgery requires fine microsurgical skill. Venorrhaphy, which is known to improve the success rate, is more technically demanding than arteriorrhaphy for the less-experienced surgeon, and sometimes the vein itself cannot be located in Table 3 Baseline characteristics.
Controlled continuous heparinization (N = 34)
Intermittent bolus heparinization (N = 27) P 
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Medicine the operative field due to the crushing nature of the injury. In such cases, the amputated digit is replanted using artery-only anastomosis and alternative venous drainage, such as external exsanguination [8, 19, 20] or medical leech application [5, 21, 22] until the venous channel is re-established. In addition, systemic anticoagulation has been used for digital replantation surgery using heparin, [8, 19] low molecular weight heparin, [16, 23] low molecular weight dextran, [21, 24] urokinease, [21, 25] aspirin, [19, 23] and dipyridamole. [8, 22] Because digital amputation usually accompanies concomitant injuries and shows various presentations, constructing randomized controlled trials in a homogeneous patient group in a reasonable time period is difficult. Previous research consists mainly of case-series studies, and the available randomized controlled trials are limited to comparisons of the efficacy of low molecular weight heparin and unfractionated heparin in preventing microvascular occlusion after replantation of the forearm and hand, and the results yielded limited evidence. [26] [27] [28] These studies included not only digital amputations but also major limb amputations or free flaps. Therefore, the previous research is limited in providing a guideline for systemic anticoagulation after digital replantation.
However, after the more detailed review of the literature on using systemic anticoagulation in distal digital replantation surgery, the authors were able to extract the success rate of the artery-only anastomosis cases from each study and compared this with the current study results (See Table, Supplemental Content, http://links.lww.com/MD/B68, which summarizes and compares the systemic anticoagulation regimens and their outcomes after digital replantation surgery). Although direct comparison between the studies was limited due to the variety of angicoagulation regimens applied, we could observe a few gross trends as follows: CCH showed the second-best artery-only replantation success rate among studies utilizing systemic anticoagulation regimens with more than 10 cases of arteryonly replantation. Increasing the number of combined systemic anticoagulation regimens did not always increase the overall success rate or the artery-only replantation success rate. The overall success rate for cases that included venous anastomosis was usually higher than the artery-only replantation success rate. Most of the regimens administered the heparin in an intermittent manner in a routine schedule. However, a few studies used the heparin with feedback dosage adjustment, continuous intravenous dripping, or monitoring of aPTT level. Although these studies used different anticoagulation regimens, their artery-only replantation success rates were higher than other studies in which heparin was administered intermittently (86.6% by Matsuzaki et al, [15] 91.0% by Shi et al, [29] 100% by Buntic et al, [30] 71.4% by Gordon et al [19] ). The authors hypothesized that systemic anticoagulation after artery-only anastomosis distal digital replantation surgery was as important as fine arterial anastomosis. Because external bleeding served as a venous drainage after artery-only anastomosis replantation surgery, coagulation-induced cessation of the external bleeding caused severe venous congestion and resulting replantation failure. The commonly adopted heparinization dose of 5000 U intravenous bolus did not enable us to maintain an adequate level of anticoagulation. [31] Therefore, to improve the success rate of the artery-only anastomosis distal digital replantation surgery with objectives of safety, reliability, and a longer duration and higher level of anticoagulation, we established an anticoagulation regimen with the Department of Internal Medicine. The IBH dose of 12,500 U was based on the interventional cardiology regimen that was safely used during percutaneous transluminal coronary angioplasty in a bolus manner. [32] This amount of systemic heparin has also been used in head and neck cancer reconstruction surgery with free flaps. [33] Surveys of vascular surgeons have shown that a high dose of heparinization has been safely used to prevent thrombosis at the vessel clamping area. [34] Clinically, this regimen increased the blood flow for flushing inside the replanted digit by thinning the blood without complications. However, in our study, we could sometimes observe a venous congestion and hemostasis at the fingertip fish-mouth incision even though it was covered with heparin-soaked gauze. We suspected that this hemostasis at the fingertip was due to the thrombogenic effect caused by an abrupt decrease in blood heparin concentration after intermittent bolus heparinization. [35, 36] Therefore, we changed our heparinization method from intermittent bolus to continuous infusion and adopted a tapering method for ending the heparinization. Our CCH regimen was adopted from the heparin nomogram used for patients with acute coronary syndromes and revised for our institution (Table 2) . [37] Because we needed to flush out the thrombogenic debris from the crushed amputated part after arterial anastomosis, we used a higher loading dose of 12,500 U instead of 5000 U in the original heparin nomogram. Instead, the starting rate was decreased from 1000 U per hour to 500 U per hour. Because the heparin dose for rate change was consistent with the original heparin nomogram, we could control the level of anticoagulation by following up the aPTT level and adjusting the heparin infusion dose. Of note, heparin showed a variable Table 4 Analysis of replantation success rate by univariate logistic regression analysis between normal and IPTW Propensity Score method.
Normal
Inverse probability of treatment weights (IPTW) response to different aPTT systems as compared with the international normalized ratio (INR) for prothrombin time; these nomograms showed variability among the institution and might be transferable to other institution after modifications. [38, 39] This change in the heparinization method resulted in an increased replantation success rate, as shown in this study (from 59.25% to 91.17%). Statistical analysis indicated that CCH was the key factor in the increased success rate after artery-only anastomosis distal digital replantation.
When systemic heparinization is used, bleeding complications such as intracranial or gastrointestinal tract bleeding and heparin-induced thrombocytopenia (HIT) should be monitored. Although the probability of HIT is estimated by the scoring system, [40] HIT can be suspected when there is an unexplained fall in platelet count of more than 50% from the baseline and median nadir of 55 Â 10 9 /L, or when skin lesions at heparin injection sites are present clinically. [41] In the current study, no major bleeding complications were observed. The authors also traced the patient's platelet counts during the treatment period; however, no patients had a fall in platelet count of more than 50% from the baseline. Although incidences of internal bleeding and falls in platelet counts are low, careful observation is required.
Previous reports showed that the transfusion rate was up to 88% among patients with intermittent heparinization without aPTT monitoring. [12] In reports documenting continuous heparinization, studies targeting therapeutic aPTT levels, including the current study, showed a lower transfusion rate than the study with targeting subtherapeutic aPTT levels (21.4%, [19] 29.4% in current study vs 65%). [30] These results imply that monitoring of aPTT levels in distal digital replantation surgery may play a role in avoiding unnecessary transfusions. To improve the surgical results, surgeons were prone to let the fingertip bleed more and give a preemptive transfusion as a further decrease in hemoglobin levels was anticipated. We observed this tendency in the current study, as there was an increased chance of receiving a transfusion in patients with CCH; however, the significant decrease in hemoglobin levels did not show any significant differences between the 2 heparinization methods. Therefore, to minimize unnecessary transfusions in patients undergoing systemic heparinization, monitoring of the aPTT at a therapeutic level, adoption of the strict transfusion indications based on the hemoglobin level, and avoidance of CCH in patients with bleeding diathesis or multiple trauma should be considered.
This retrospective cohort study has meaningful implications for future practice. This is the first study to compare the conventionally administered IBH with CCH based on the heparin nomogram after distal digital artery only anastomosis replantation surgery. With the sparsity of the randomized controlled trial in digital replantation surgery, we adopted IPTW propensity score methods to improve the reliability of our study and focused the study for the Zone I and II single digit distal amputation patients excluding confounding factors. To reflect the changes in hemoglobin levels more specifically to single digit amputation, we excluded patients with concomitant traumatic injuries, in whom excess bleeding was expected after systemic heparinization. We excluded the surgeon's first 5 cases to minimize bias from the surgeon's experience. The patients who underwent revision surgeries more than 24 hours after the initial surgery were also excluded because the surgeon's intervention may have deviated the success rate.
We believe that our study may provide a guideline for use of the anticoagulation method in artery-only anastomosis distal digital replantation surgery. Moreover, our CCH method could serve as a bridging technique for surgeons who are able to perform arterial anastomosis but may be inexperienced in venous anastomosis. By improving the success rate of the replantation surgery, the CCH method may encourage surgeons to perform more complicated replantation surgery.
Conclusion
CCH improved the success rate after artery-only anastomosis replantation surgery in Zone I and II single distal digital amputation patients without any major bleeding complications. Despite the increased transfusion rate in the CCH group, the significant decrease in hemoglobin level did not differ statistically between the CCH and IBH groups.
Our study suggests that CCH after artery-only anastomosis distal digital replantation is a safe method to improve the replantation success rate and may provide a guideline for use of the anticoagulation method following artery-only anastomosis distal digital replantation surgery.
